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The  electrochemical  properties  of  graphite  with  various  degrees  of  graphitization,  contents  of  rhom¬ 
bohedral  phase,  and  surface  areas  were  electrochemically  investigated  at  25  °C  and  -5°C.  The  degree 
of  graphitization  and  the  amount  of  rhombohedral  phase  affected  the  samples’  lithium  intercala¬ 
tion/deintercalation  and  surface  deposition.  The  reductions  of  electrolyte  conductivity  and  lithium  ion 
diffusion  in  the  graphite  interlayer  at  -5°C  lowered  the  graphite’s  capacity.  Lithium  deposition  also 
occurred  on  the  graphite’s  surface.  Highly  graphitized  samples  were  affected  greatly  by  temperature, 
showing  large  capacity  loss  at  low  temperature.  Increased  rhombohedral  phase  facilitated  lithium  depo¬ 
sition  on  the  graphite’s  surface  as  lithium  ions  did  not  insert  into  the  graphite  interlayers  and  accumulated 
at  its  edged  planes.  Increasing  the  pathways  for  lithium  ion  intercalation  could  facilitate  lithium  interca¬ 
lation  and  reduce  lithium  deposition. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LIBs)  are  used  as  power  sources  for 
portable  devices  such  as  cellular  phones,  laptop  computers,  and 
digital  cameras.  They  are  also  used  in  stationary  systems,  battery- 
assisted  bicycles,  and  hybrid  electric  vehicles  due  to  their  high 
energy  densities.  Graphite  commonly  forms  the  anodes  of  lithium 
ion  batteries  because  of  its  low  cost  and  non-toxicity  [1].  It  has 
high  reversible  specific  charge  (up  to  372  mAh  g-1),  good  cycling 
stability,  and  high  electronic  conductivity.  Lithium  intercalation 
into  graphite  occurs  at  very  low  potentials  (below  0.3  V  vs.  Li/Li+), 
resulting  in  high-energy  density  anodes  for  LIBs  [2]. 

Although  it  has  numerous  advantages,  these  properties  are  lim¬ 
ited  to  room  temperature  and  rapidly  deteriorated  at  below  0°C 
[3-11].  The  research  related  to  these  properties  at  low  tempera¬ 
ture  has  been  widely  carried  out.  Many  researchers  have  focused 
on  the  low  ionic  conductivity  of  electrolyte  and  solid  electrolyte 
interface  on  the  graphite  surface  in  order  to  develop  an  electrolyte 
with  low  freezing  point  and  high  ionic  conductivity  [3-7].  Indeed, 
these  approaches  led  to  an  improved  low  temperature  perfor¬ 
mance  of  graphite.  Moreover,  the  recent  work  have  revealed  that 
the  electrochemical  properties  of  graphite  can  be  affected  by  dif- 
fusivity  of  lithium  ions  into  the  graphite  layers  as  well  as  ionic 
conductivity  of  the  electrolyte  when  operating  at  low  temperatures 
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in  the  lithium  ion  batteries  [8-11].  There  are  many  factors  con¬ 
tribute  to  poor  electrochemical  performance  of  graphite  at  low 
temperatures.  The  main  reasons  are  (1)  reduced  conductivity  of 
the  electrolyte  and  (2)  the  formation  of  improper  solid  elec¬ 
trolyte  interface  on  the  electrode  surface.  It  limits  slow  diffusivity 
of  lithium  ions  within  graphite  anode,  high  polarization  of  the 
graphite  anode,  and  substantially  increased  charge-transfer  resis¬ 
tance  on  the  electrolyte-electrode  interfaces. 

In  addition  to  the  poor  performance  at  low  temperatures,  it  is 
well  known  that  the  deposition  of  lithium  metal  at  the  surface  of 
graphite  which  is  likely  to  form  lithium  dendrite  at  low  tempera¬ 
tures  and  high  cycling  rates  [12-14].  Once  lithium  deposited  on  the 
graphite,  it  grows  and  reaches  the  positive  electrode  as  cycle  pro¬ 
gresses,  causing  a  short  circuit  in  LIBs.  It  caused  the  severe  safety 
problems  for  LIBs  and  can  limit  the  extension  it  to  large  scale  battery 
systems. 

It  is  believed  that  the  morphology  and  structure  have  a  great 
effect  not  only  on  their  electrochemical  properties  but  also  lithium 
deposition  on  the  surface  of  graphite  at  low  temperatures.  In  this 
study,  the  electrochemical  properties  of  five  types  of  graphite 
including  one  natural  and  four  synthetic  graphite  samples  were 
investigated  by  the  galvanostatic  charge/discharge  test  at  low  tem¬ 
perature.  The  lithium  deposition  on  the  surface  of  graphite  was  also 
investigated  by  comparing  the  colors  of  electrode  and  ex  situ  X-ray 
diffraction  analysis  after  the  first  charge  process.  From  the  result,  it 
was  found  that  the  electrochemical  properties  and  lithium  deposi¬ 
tion  at  low  temperatures  strongly  related  to  the  surface  and  original 
properties  of  the  graphite  samples. 
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Table  1 

Graphite  samples’  physical  properties. 


NG 

KS-6 

MCMB6-28 

MCF 

MAGC 

Surface  area(m2  g_1) 

0.6 

15 

2.6 

1.2 

4.0 

d002  (nm) 

0.3354 

0.3365 

0.3363 

0.3602 

0.3359 

Graphitization  (%) 

99.0 

86.4 

89.0 

91.9 

93.4 

Tentatively  3R  (%) 

30.9 

26.4 

0 

0 

0 

Shape 

Flake 

Plate-like 

Sphere 

Fiber 

Mass 

Company 

China 

Timcal 

Osaka  gas 

Petoca 

Hitachi  Kasei 

2.  Experimental 

Five  representative  graphite  samples  were  selected  as  the  neg¬ 
ative  electrode  materials  in  this  study,  including  natural  graphite 
and  synthetic  graphite  samples:  KS-6  (Timcal  Co.  Ltd),  MAGC  (Mas¬ 
sive  Artificial  Graphite,  Hitachi  Kasei),  MCMB6-28  (Meso  Carbon 
Microbead,  Osaka  gas),  and  MCF  (Meso  Carbon  Fibers,  Petoca). 
Some  of  their  physical  properties  are  listed  and  compared  in  Table  1 . 
Powder  X-ray  diffraction  (XRD,  MINIFlex  II,  Rigaku,  Japan)  using 
CuKa  radiation  was  employed  to  identify  the  physical  properties 
of  graphite  sample.  In  the  XRD  experiment,  we  used  Si  powder 
as  standard  material  in  order  to  correct  the  peak  of  graphite.  The 
morphology  of  used  graphite  samples  was  observed  by  Scanning 
Electron  Microscopy  (SEM,  JSM-6390,  JEOL,  Japan). 

All  electrochemical  cells  were  fabricated  in  the  dry-box.  The 
charge-discharge  tests  were  performed  using  a  CR2032  coin-type 
cell.  Graphite  electrodes  were  coated  on  copper  foil  by  doctor  blade 
with  a  mixture  of  90%  graphite  sample  -  6%  acetylene  black  -  4% 
carboxymethylcelluose  (CMC)  dispersed  in  distilled  water,  dried  at 
100°C,  pressed  at  150.0  kg  cm-2,  and  finally  dried  in  a  glass  tube 
oven  at  1 60  °C  for  4  h.  The  test  cell  was  made  of  graphite  electrodes 
and  a  lithium  metal  anode  (Cyprus  Foote  Mineral  Co.)  separated  by 
two  glass  fiber  filters.  The  electrolyte  was  a  mixture  of  1  M  LiPF6- 
ethylene  carbonate  (EC)/diethyl  carbonate  (DEC)  (3:7  by  vol.,  Ube 
Chemicals,  Japan).  The  charge  and  discharge  current  densities  was 
0.1  mAcnrr2  with  a  cut-off  voltage  from  2500  to  5  mV. 

For  ex  situ  XRD  experiment,  the  electrodes  were  prepared  with 
10  mg  of  accurately  weighed  active  material  and  6  mg  of  conduc¬ 
tive  binder  TAB  (Teflonized  Acetylene  Black).  It  was  pressed  onto  Ti 
mesh  as  current  collect  under  pressure  of  1 50  kg  cm-2  and  dried  at 
1 60  °C  for  4  h.  The  test  cells  were  charged  at  a  rate  of  0.1  mA  cm-2  to 
5  mV  and  kept  10  h  period  at  that  voltage.  After  completion  of  this 
test,  the  cells  were  disassembled  and  rinsed  with  dimethylcarbon- 
ate  (DMC)  in  an  argon-filled  glove  box.  The  disassembled  electrodes 
were  sealed  in  a  vinyl  bag  in  an  argon-filled  glove  box  to  prevent 
any  reaction  with  moisture  and/or  air. 

3.  Results  and  discussion 

Natural  graphite  and  four  commercial  artificial  graphite  samples 
were  characterized.  Their  XRD  patterns  were  obtained  using  a  Si 
powder  standard  to  correct  the  graphite  (0  0  2)  peaks.  Fig.  1  shows 
that  all  the  XRD  patterns  were  typical  graphitic  materials  with 
sharp  (0  0  2)  peaks  indicating  good  graphitization.  High  graphiti- 
zation  was  demonstrated  by  the  samples’  interlayer  spacing,  d0 02- 
The  (0  0  2)  peaks  appeared  at  20  =  26.46-26.56°,  corresponding  to 
d002  values  of  0.3665-0.3554 nm.  All  the  graphite  samples  were 
indexed  using  Franklin’s  definition  [15].  These  showed  small  vari¬ 
ations  related  to  their  fine  structures,  such  as  graphitization.  The 
graphitizations  of  NG,  KS-6,  MAGC,  MCMB6-28,  and  MCF  were 
99.0,  86.4,  93.4,  89.0  and  91.9%,  respectively.  The  samples  also 
showed  different  extents  of  rhombohedral  phase  (3R).  The  more 
prevalent  hexagonal  phase  (2H)  and  the  rhombohedral  phase  differ 
mainly  in  their  stacking  sequences  of  graphene  sheets.  Four  peaks 
were  observed  at  X-ray  diffraction  angles  of  40-50°.  The  peaks 
at  ca.  42.3°  and  44.4°  are  attributable  to  (1  0  0)  and  (101)  planes 


Fig.  1.  XRD  patterns  of  graphite  samples:  (a)  NG,  (b)  KS-6,  (c)  MAGC,  (d)  MCMB6-28, 
and  (e)  MCF. 


of  the  hexagonal  structure,  respectively.  The  (101)  and  (10  2) 
planes  of  rhombohedral  graphite  appeared  at  ca.  43.3°  and  46.0°, 
respectively.  Accurate  estimation  was  hampered  by  the  peaks  being 
broad,  weak,  and  not  particularly  separated  from  the  baseline.  R3 
contents  in  the  NG,  KS-6,  MAGC,  MCMB6-28,  and  MCF  were  30.9, 
26.4  0,  0,  and  0%,  respectively. 

Fig.  2  shows  the  scanning  electron  microscopy  (SEM)  images  of 
used  graphite  samples  in  this  study.  The  SEM  images  show  that  the 
natural  graphite  particles  were  10-30  |xm  flakes  and  the  artificial 
graphite  samples  were  of  various  shapes  and  sizes.  The  particles  of 
KS-6,  MAGC,  MCMB6-28,  and  MCF  were  5-10  |jim  plates,  20-40  |xm 
masses,  10-20  [xm  spheres,  and  5-15  p,m  fibers,  respectively.  The 
KS-6  graphite  had  a  high  BET  surface  area  of  15  m2  g-1,  the  other 
samples  all  showed  values  below  4m2g-1.  The  properties  of  all 
samples  are  summarized  in  Table  1. 

Fig.  3  shows  the  first  charge/discharge  curves  of  various  graphite 
samples.  The  first  charge/discharge  curves  were  measured  at  a  cur¬ 
rent  density  of  0.1  mA  cm-2,  with  voltage  cut-off  of  2.5-0  V  in  a  3 :7 
volume  mixture  of  1  M  LiPF6-EC  and  DEC.  Three  voltage  plateaus  at 
room  temperature  were  observed  during  charge  and  discharge  in 
all  the  samples.  They  appeared  at  ca.  1 90, 95,  and  65  mV  for  lithium 
insertion  and  at  ca.  105, 140,  and  230  mV  for  extraction.  This  was 
attributed  to  the  transition  stages  of  lithium-graphite  intercalation 
compounds  (Li-GICs)  formed  during  lithium  insertion  or  extraction 
between  the  graphene  layers.  These  results  agreed  well  with  pre¬ 
vious  report  [16].  All  the  samples  showed  reversible  capacities  of 
over  300  mAh  g-1. 

On  the  other  hand,  at  -5°C,  the  voltage  plateaus  for  lithium 
intercalation  were  lower  than  at  room  temperature;  the  lithium 
extraction  plateaus  were  at  higher  voltages.  The  lowest  voltage 
plateaus  shown  by  all  samples  were  unclear  due  to  the  forma¬ 
tion  of  LiC6  at  -5°C.  The  capacities  of  samples  at  -5°C  were 
decreased  compared  with  those  at  room  temperature.  NG  showed 
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Fig.  2.  SEM  images  of  graphite  samples:  (a)  NG,  (b)  KS-6,  (c)  MAGC,  (d)  MCMB6-28,  and  (e)  MCF. 


two  reversible  voltage  plateaus  at  ca.  150  and  65  mV  for  lithium 
intercalation  and  at  200  and  250  mV  for  lithium  extraction.  KS- 
6  and  MAGC  showed  three  voltage  plateaus  during  charging  and 
discharging,  with  the  capacities  at  the  voltage  plateaus  for  LiC6  for¬ 
mation  being  smaller  than  those  at  room  temperature.  MCMB6-28 
and  MCF  showed  different  charge/discharge  curves  from  the  other 
samples  at  -5  °C.  They  show  rapid  decreases  to  150  mV,  with  volt¬ 
age  then  slowly  decreasing  to  the  end  of  charging.  Voltage  increased 
rapidly  to  1 50  mV  and  before  increasing  slowly  to  300  mV.  The  ini¬ 
tial  discharge  capacities  of  NG,  KS-6,  MAGC,  MCMB6-28,  and  MCF 
were  201.7,  301.7,  243.8,  227.1,  and  212.1  mAhg-1,  respectively. 
All  samples  showed  large  capacity  losses  from  those  at  25  °C  upon 
cooling  to  -5  °C. 

Samples’  initial  charge/discharge  capacities,  irreversible  capac¬ 
ities,  and  columbic  efficiencies  at  25  °C  and  -5°C  are  listed 
in  Table  2.  All  samples  showed  reversible  capacities  of  above 
300 mAhg-1  at  25 °C,  which  dropped  to  below  250 mAhg-1  at 
-5  °C,  except  sample  KS-6.  The  charge/discharge  curves  show 
that  graphite’s  electrochemical  properties  at  -5  °C  were  degraded 
due  to  the  lower  conductivity  of  the  electrolyte  and  hindered 
lithium  diffusion  into  the  graphene  layers.  Lithium  intercalation 
and  graphite’s  electrochemical  properties  are  affected  by  the  phys¬ 
ical  properties  of  the  graphite,  although  quantification  of  physical 


effects  on  electrochemical  properties  is  difficult  [19-30].  The  com¬ 
plexity  is  mainly  due  to  the  large  variation  in  graphitization  [  1 9,20], 
particle  shape  and  size  [21],  impurities,  densities  of  dislocation 
[22-27],  surface  area,  and  surface  functional  groups  of  the  existing 
graphite  samples  [28-30].  These  factors  are  related  to  the  formation 
of  SEI  film  during  the  first  charge,  which  suppress  graphite’s  elec¬ 
trochemical  exfoliation.  Electrochemical  exfoliation  can  be  avoided 
on  graphite  surfaces  with  high  defect  contents,  since  surface  pas¬ 
sivation  is  sufficiently  completed  at  more  positive  potentials.  We 
believed  that  the  physical  properties  of  graphite  have  big  related 
to  their  electrochemical  properties  at  low  temperature. 

To  explore  the  great  effects  of  its  physical  properties  on  its  elec¬ 
trochemical  properties  at  low  temperature,  graphite’s  physical  and 
low-temperature  electrochemical  properties  were  characterized  as 
shown  in  Fig.  4.  Samples’  capacity  differences  upon  temperature 
were  explored  with  respect  to  their  degrees  of  graphitization.  The 
capacity  differences  of  NG,  MAGC,  MCF,  MCMB6-28,  and  KS-6  were 
148.0,  125.8,  111.9,  100.2,  and  38.6 mAhg-1,  respectively,  with 
higher  graphitization  leading  to  larger  capacity  losses  at  low  tem¬ 
perature.  These  results  show  that  the  electrochemical  properties 
of  graphite  at  lower  temperature  (-5  °C)  depended  on  its  degree  of 
graphitization,  with  higher  graphitization  showing  greater  deteri¬ 
oration  of  electrochemical  properties  with  temperature  changes. 
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- Room  Temperature  (25  °C) 

- Low  Temperature  (-5°C) 


Capacity  /  mAhg ' 

Fig.  3.  The  first  charge-discharge  curves  of  graphite/Li  cells  in  the  electrolyte  of  1  M  LiPF6-EC/DEC  (3:7  by  volume):  (a)  natural  graphite,  (b)  KS-6  graphite,  (c)  MAGC  graphite, 
(d)  MCMB6-28  graphite,  and  (e)  MCF  graphite. 


Table  2 

The  first  charge/discharge  characteristics  of  the  graphite  samples. 


The  type  of  graphite 

Discharge  capacity 
at  the  first  cycle 
(mAhg-1) 

Charge  capacity  at 
the  first  cycle 
(mAhg-1) 

Irreversible 
capacity  at  the  first 
cycle  (mAhg-1) 

Coulombic 
efficiency  at  the 
first  cycle  (%) 

NG 

RT (25  °C) 

349.7 

382.1 

32.4 

91.5 

LT  (—5  °C) 

201.7 

226.2 

24.5 

89.2 

KS-6 

RT (25  °C) 

340.3 

401.4 

61.0 

84.8 

LT  (—5  °C) 

301.7 

353.2 

51.5 

85.4 

MAGC 

RT (25  °C) 

369.6 

377.6 

8.0 

97.9 

LT  (—5  °C) 

243.8 

292.9 

29.1 

83.2 

MCMB6-28 

RT (25  °C) 

327.3 

337.1 

9.8 

97.0 

LT  (—5  °C) 

227.1 

243.3 

16.2 

93.3 

MCF 

RT (25  °C) 

323.0 

348.5 

25.5 

92.6 

LT  (—5  °C) 

212.1 

236.7 

24.7 

89.5 
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Lithium  deposition  on  the  graphite  occurred  at  -5°C,  leading 
to  severe  safety  problems  associated  with  lithium  ion  batteries. 
After  first  charging,  the  graphite  samples  appeared  yellow-black 
as  shown  in  Fig.  5.  All  colors  of  graphite  samples  are  consisted  with 
yellow  and  black.  The  yellow  is  attributable  to  the  formation  of 
first-stage  lithium-graphite  intercalation  compounds  (GICs)  [18]. 
The  black  was  attributed  the  second-stage  Li  GICs  and  lithium  depo¬ 
sition  on  the  graphite’s  surface.  Although  their  were  variations  of 
color,  all  the  samples  appeared  both  yellow  and  black  after  first 
charging,  showing  that  lithium  deposition  occurred  in  addition  to 
lithium  intercalation  during  first  charging  at  -5  °C. 

To  confirm  this  result,  it  was  conducted  the  ex  situ  XRD 
after  the  1st  charge  process.  Fig.  6  shows  ex  situ  XRD  results  of 
graphite  samples  after  the  1st  charge  process.  For  measurement, 
the  Cu  collector  was  replaced  by  a  titanium  collector  to  avoid 


Fig.  6.  XRD  patterns  of  graphite  samples  after  the  1st  charge  with  Ti  current  collec¬ 
tor:  (a)  NG,  (b)  KS-6,  (c)  MAGC,  (d)  MCMB6-28,  and  (e)  MCF. 

duplication  of  Cu  (20  =  51 0 )  and  Li  (2 0  =  52° )  signals  from  the  screw- 
type  cells.  Testing  was  after  charging  to  5  mV  with  a  current 
density  of  0.1  mAcnrr2  and  holding  at  5  mV  for  lOh.  The  origi¬ 
nal  (0  0  2)  peak  of  all  graphite  samples  was  reduced  by  charging 
because  of  lithium  ions  intercalated  into  the  graphite  layers  and 
the  formation  of  GICs.  All  samples  showed  peaks  at  20  =  24.3°  and 
20  =  25.4°  corresponding  to  LiC6  and  LiCi2  due  to  the  intercalation 
of  lithium  [17,31].  This  agreed  with  the  result  of  charge/discharge 
testing,  which  showed  reduced  capacities  at  the  first-stage  volt¬ 
age  plateaus  at  lower  temperatures.  All  samples  showed  lithium 
peaks  at  20  =  52°.  This  result  suggests  that  lithium  deposition  on 
the  surfaces  of  the  graphite  samples  readily  occurred  during  their 
first  charging. 


NG 


KS-6  MAGC 


MCMB6-28  MCF 


Fig.  5.  The  appearance  of  graphite  samples  after  1st  charging:  (a)  natural  graphite,  (b)  KS-6  graphite,  (c)  MAGC  graphite,  (d)  MCMB6-28  graphite,  and  (e)  MCF  graphite. 
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Fig.  7  shows  the  plot  of  intensity  of  LiC6  dependence  on  the 
rhombohedral  phase  in  graphite  samples.  The  relationship  between 
the  contents  of  rhombohedral  phase  in  graphite  and  the  degree 
of  the  lithium  deposition  was  investigated  at  -5°C  after  the  first 
charge  process  by  ex  situ  XRD.  Lower  contents  of  rhombohedral 
phase  resulted  in  higher  intensity  lithium  peaks.  Since  the  conduc¬ 
tivity  of  the  electrolyte  and  lithium  ion  diffusion  in  the  graphene 
layers  were  reduced  at  -5  °C,  the  lithium  ion  could  accumulate  on 
the  graphite’s  edged  planes  and  did  not  insert  into  its  basal  planes. 
There  are  two  general  ordering  patterns  of  stacked  graphene  layers: 
hexagonal,  ABAB,  and  rhombohedral,  ABCABC.  Greater  rhombohe¬ 
dral  stacking  results  in  higher  reversible  capacities  [21-26].  It  also 
provides  less  vulnerability  to  solvent  co-intercalation  because  of 
the  higher  number  of  structural  defects  such  as  grain  boundaries 
and  dislocations,  which  hinder  the  movement  of  large  molecules 
inside  the  graphite  but  allow  small  unsolvated  lithium  cations 
to  penetrate  the  bulk  graphite.  Increased  rhombohedral  stacking 
increases  lithium  storage  capacity  due  to  lithium  being  stored  at 
grain  boundaries  in  the  graphite  in  addition  to  lithium  intercala¬ 
tion  between  the  graphene  layers.  As  reaching  the  low  temperature, 
however,  the  conductivity  of  the  electrolyte  and  lithium  ion  diffu¬ 
sion  in  the  graphene  layers  reduced  during  charging  due  to  lithium 
deposition  on  the  graphite  becoming  possible  on  grain  boundaries 
of  the  rhombohedral  and  hexagonal  phases. 

The  samples  with  no  rhombohedral  stacking,  MAGC,  MCMB6-28 
and  MCF,  showed  different  degrees  of  lithium  deposition.  There¬ 
fore,  in  addition  to  rhombohedral  phase  content,  particle  shape 
also  likely  affected  lithium  deposition.  After  being  cast  on  the  cur¬ 
rent  collector  and  pressed,  the  particles’  c-axes  aligned  in  various 
ways.  MCF  has  a  radical-like  texture  in  the  outer  surface,  together 
with  a  lamellar  structure  in  the  core  [32].  Lithium  was  intercalated 
through  the  radical-like  texture  in  the  skin  part.  As  MCMB6-28 
is  spherical  type  graphite,  in  which  the  most  of  surface  are  com¬ 
posed  of  edge-plane,  thus  lithium  ion  easily  intercalated  into  basal 
plane  [33].  MAG  consists  of  spherical  aggregation  of  fine,  flat  crys¬ 
tals  [34].  In  the  core  of  MAGC,  primary  flat  particles  are  randomly 
aggregated  with  wide  range  of  pore  sizes.  These  new  pores  become 
the  path  to  lithium  ion  intercalation  after  soaked  by  electrolyte. 
Thus,  the  intercalation  and  de-intercalation  can  be  carried  out  not 
only  on  the  outer  surface  which  resulted  in  accelerating  lithium 
ion  intercalation  into  graphite.  Increased  contact  area  between  the 
graphite’s  edged  planes  and  the  electrolyte  facilitated  lithium  ion 
intercalation  and  extraction.  Fligh-surface  area  graphite  without 
rhombohedral  phases  showed  more  facile  intercalation  of  lithium 
into  its  interlayers,  with  increased  lithium  intercalation  through 
the  edged  planes  rather  than  accumulating  on  the  edged  planes. 


In  the  present  study,  we  investigated  the  factors  affecting 
the  electrochemical  properties  and  lithium  deposition  of  graphite 
electrode  at  low  temperature.  The  factors  such  as  degree  of 
graphitization  and  the  amount  of  rhombohedral  phase  in  graphite 
play  crucial  role  for  the  lithium  intercalation/deintercalation  and 
lithium  deposition  of  graphite  samples.  Appropriate  manipulation 
of  these  factors  could  improve  the  safety  of  graphite  electrodes  for 
use  in  hybrid  and  electric  vehicles. 

4.  Conclusion 

The  electrochemical  performances  of  various  graphite  sam¬ 
ples  were  assessed  at  low  temperature.  Charge/discharge  testing 
showed  that  voltage  plateaus  due  to  the  intercalation  of  lithium 
ions  into  graphene  layers  were  lower  at  low  temperature;  those 
due  to  lithium  extraction  were  higher.  This  was  due  to  reduced 
electrolyte  conductivity  and  decreased  lithium  diffusion  in  the 
graphene.  High  degrees  of  graphitization  were  more  greatly 
affected  by  the  reduction  of  temperature.  All  the  graphite  samples 
showed  lithium  deposition  on  their  surfaces  at  low  temperature. 
Increased  rhombohedral  graphite  stacking  facilitated  lithium  depo¬ 
sition  on  the  graphite’s  surface  because  lithium  ions  could  not  insert 
into  graphite’s  interlayers;  they  accumulated  at  the  edged  planes. 
Graphite  particles’  shapes  and  surface  areas  also  affected  electro¬ 
chemical  performance.  Increasing  the  pathway  for  the  intercalation 
of  lithium  ions  into  the  graphite  facilitated  lithium  intercala¬ 
tion  and  decreased  lithium  deposition  on  the  graphite’s  surface. 
We  believe  that  an  appropriate  condition  of  those  factors  could 
improve  the  safety  of  graphite  to  satisfactory  for  FIEV  and  EV  appli¬ 
cation. 
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